Solar Solution for Mini-Rover
Final Project Report
Sponsored by: Rich Murray, California Polytechnic State University, CPE

The Sunny Company Team Members:
Jonathan Cederquist, jcederqu@calpoly.edu
Cole Korchek, ckorchek@calpoly.edu
Derick Louie, delouie@calpoly.edu
Michaella Ochotorena, ochotore@calpoly.edu
Collin Petersen, cpeter55@calpoly.edu

The Sunny Company Final Design Report: Solar Solution for Mini-Rover

STATEMENT OF DISCLAIMER
Since this project is a result of a class assignment, it has been graded and accepted as
fulfillment of the course requirements. Acceptance does not imply technical accuracy or
reliability. Any use of information in this report is done at the risk of the user. These
risks may include catastrophic failure of the device or infringement of patent or copyright
laws. California Polytechnic State University at San Luis Obispo and its staff cannot be
held liable for any use or misuse of the project.
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Executive Summary

Executive Summary
This project focuses on designing, building, and testing a functional prototype of a collapsible
solar array on the mini Mars rover being developed by client and sponsor, Mr. Rich Murray.
Although many previous collapsible solar arrays have been deployed for space missions, the
previous solar-powered Mars rovers only deployed their arrays once upon landing. This solar
array will be able to collapse and deploy multiple times to allow for greater rover mobility and
stability when the rover is not charging. This system is critical to the success of the rover project
because it provides power without which the rover cannot take measurements, collect samples,
or move on the Martian surface.
This report outlines the design process of the team’s prototype from customer interaction,
concept generation, detailed design and analysis, through final manufacturing and testing. The
seven major sections are summarized briefly in order below.
Introduction
First, a brief introduction to the project is presented which describes the project sponsor and
needs along with the development of quantitative engineering requirements that guided the
development of the product. These most important requirements deal with the number of cycles
the solar array must be able to fold/unfold, 1000; the power that must be produced by the array,
55 W; the allowable deflection under Mars-comparable wind conditions, 25 mm; the time the
array takes to charge the battery, 70 hrs or less; and the maximum mass of the system, 2 kg.
Background
Second, a description of the research we performed is presented. This section focuses on the
Martian environmental conditions we needed to design for, previous Mars rover and landers
designs, and other folding solar array designs to draw inspiration from. We found that the key
Mars environmental factors we needed to account for were large amounts of ferrous dust and
winds up to 67 mph during dust storms. The previous Mars landers did not incorporate any dust
mitigation strategies but instead were helped by strong winds which cleared dust off the arrays.
Some of the previous designs offered inspiration for our foldable solar array, but ultimately the
specific application and constraints from solar cell shape and customer requirements meant that
our folding pattern was unique to our specific application.
Design Development
Next, the conceptual design development is described. The main aspects of the design we
focused on during this phase were the folding pattern and the actuation method, since these two
aspects govern many of the other subsequent design decisions. Using Pugh matrices and
combining ideas, the team settled on a fairly simple folding design that incorporates a sliding
cantilevered panel with two side panels attached that hinge out to either side as they ride along
triangular cams. The actuation method was chosen as a linear actuator.
Final Design Description
Then, the final design is described in detail. The major change from the conceptual design was
the actuation method, which was changed from a linear actuator to a rack and pinion due to
concerns about stroke length and the weight of the linear actuators we were considering. We also
added the ability for solar tracking to our array in the final design by allow it to tilt about one
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axis up to 30°. The final design incorporates the folding/unfolding actuation about the same axis
as the tilting to allow for simpler motor mounting and simultaneous tilting and folding if needed.
The final design section also describes the electrical layout of the system and software design.
On the electrical side, 3 parallel banks of 24 solar cells in series each provide power to the
battery, which in turn powers the rover brain (Raspberry Pi) and motor controller (RoboClaw)
which control the unfolding and tilting of the array. The software involves to simple finite state
machines to control the position of the folding and tilting motors using closed-loop control with
the attached encoders.
The final design section also described the analysis we performed during the critical design
phase to confirm our design would meet the engineering requirements developed from our
customer specifications. The major analysis performed was FEA to determine the stress and
deflection in our array under wind loading, mass analysis of our prototype based on the solid
model, and driveshaft analysis to determine the deflection of the gears and bearings under the
wind loading and weight of the array itself. These tests predicted our design would satisfy all
necessary requirements.
Product Realization
After outlining the final design and analysis, we describe the manufacturing processes used to
manufacture our first and final prototypes in the product realization section. The main processes
used were drilling and tapping, cutting using saw and shears, manual machining with an endmill,
laser cutting, waterjet cutting, 3D printing, and soldering.
We also provide recommendations for future manufacturing in this section based on our
experience with this project. The key recommendations were to reduce the amount of machining
necessary by using outsourced parts (cost-permitting), make or buy aluminum gears to reduce
weight, and reduce the amount of heat and solder used when soldering cells to preserve the
chemistry of the cells and keep them as flat as possible for attachment to the structural panels.
Design Verification
Then, the design verification section describes the test procedures and results of the testing we
performed to determine whether our prototype met the engineering requirements. All tests passed
except for the mass test and the power production test. The system was approximately 0.5 kg
heavier than the mass limit, and the array only produced 40 W instead of the required 55.
However, the power production was approved by our sponsor because it is still sufficient to
charge the rover’s battery and the original calculation for the power requirement assumed all the
cells would be wired in series, which would not provide enough current.
Conclusion
Finally, we offer our conclusions to the project. The solar array we designed and built was
largely a success, meeting the key requirements and having the ability to fold and track the sun.
The main changes that need to be made in future iterations are reducing the mass and performing
additional testing and design updates to ensure the system will be able to thrive in the harsh
Martian environment, if and when it is deployed to explore the red planet.
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1.0 Introduction
This report begins with a description of our sponsor for the project, his background, and the
general problem our client would like to solve. It also provides a formal problem definition and
an explanation of our development of engineering specifications for our final deliverable.

1.1 Stakeholder Backgrounds and Needs
Mr. Rich Murray, Cal Poly lecturer, requires a compact, lightweight, rover-mounted solar
collection device for charging the battery on the Cal Poly mini-rover ‘EXO’, seen below in
Figure 1, on future rover missions. The device must not interfere with rover functions (arm
movement, suspension, etc.).
The first two generations of Cal Poly’s mini-rovers were intended as an educational kit for
students. With the fourth generation, the rover will be equipped with space-capable additions and
improvements, getting the rover closer to being sent to Mars to help collect data and explore the
red planet.
Apart from Mr. Rich Murray and The Sunny Company, stakeholders include Karla Carichner,
who is advising the team and overseeing the project, project teams working on other aspects of
the rover, and NASA JPL.

Figure 1. EXO Poly Rover IV Concept 1

1.2 Formal Problem Definition
The formal problem definition for this project is as follows:
Mr. Rich Murray, Cal Poly lecturer, requires a compact, lightweight, foldable, rover-mounted
solar collection device that will provide enough power to charge the battery on the Cal Poly
mini-rover ‘EXO’ when the rover is deployed on Mars.
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1.3 Engineering Specifications
Before developing concrete specifications to govern the design and evaluation of our solar
collection system, we consulted with our sponsor to determine what the core requirements for
our solution were. We then constructed a house of quality matrix (see attachment B) to develop
engineering requirements and evaluate how well our requirements corresponded with our client’s
needs. This table allowed us to ensure that each of the customer requirements was addressed by a
particular engineering specification.
Table 1 below displays a list of customer requirements we developed after our initial meeting
with our sponsor.
Table 1. Customer Requirements and Importance Rankings
Requirement
Importance Ranking (1 to 5)
Lasts the whole mission
5
Charges in a timely manner
3
Lightweight
5
Deploys in a reasonable amount of time
1
System must be at least 18% efficient
1
Mounts to rear deck of rover
4
Does not interfere with rover body when deployed
4
Folds up
3
Does not destabilize the rover
4
Able to adjust position for optimal solar collection
3
Table 2 below presents the list of engineering requirements we developed to meet the customer
requirements, along with compliance methods and risk assessment. The compliance method is
categorized as one or more of the following methods: Analysis (A), Testing (T), Similarity to
Existing Designs (S), or Inspection (I). The risk of not meeting the specification is divided into
three levels: High (H), Medium (M), or Low (L).
These requirements have been updated since they were originally created, mainly due to
uncertainty in power, size, and charge time requirements for the rover as a whole at the
beginning of the project.
During our critical design phase, we refined our engineering requirements based on analysis of
our design. The key requirements that were updated were the attachment width and system mass
specifications. The attachment width parameter was initially based on the horizontal space
between the rocker bogie wheel legs. However, our sponsor informed us that this parameter
could be changed by widening the rover body. In addition, because our array will not tilt more
than 30° from the horizontal, we will not need to constrain the width of our array based on the
wheel attachment width. We have updated our attachment width specification from 150 to 300
mm so we can comfortably fit a panel with four adjacent solar cells and cams on the rover body
without interfering with the rocker bogie. We have confirmed that this adjustment to the rover
body size is acceptable with our sponsor and the other rover structural teams.
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The other major parameter that was changed was the system mass requirement. This was
increased to 2 kg from the previous specification of 1 kg. Although the solar cells we are using
are light, the large number of cells (72) contributes over 550g to the system mass. This was over
half of our initial mass specification and did not include any structural material, motors, or other
hardware. Thus, we clearly needed to increase the mass limit in order to have a reasonable
specification for our system. After performing a mass analysis on the components of our system,
we determined that a limit of 2 kg will be enough to accommodate all of the necessary
components. The final table of engineering specifications is displayed below.
Table 2. Critical Design Engineering Requirements
Specification
Target
Parameter Description
Unit Tolerance Risk
Number
Value
1
Folding/charge cycles
1000 cycle
MIN
M
2
Power production
55 W
MIN
M
3
Attachment Width
300 mm
MAX
L
4
Full Extension Deflection
25 mm
MAX
M
5
Battery charge time
70 hr
MAX
H
6
System Mass
2 kg
MAX
M
7
Deployment/Retract time
10 min
MAX
M
8
System efficiency
18 %
MIN
M
9
Clearance from rover
25 mm
MIN
L
10
Mounts to rear deck
YES L

Compliance
Method
A, S
T
A, I
A, T
A, T
A, T
T
T
A, I
A, I

The requirements are explained in further detail below.
Based on our research of previous Mars missions, we estimate that a requirement of 1000 charge
cycles will be more than sufficient to have our rover fulfill the mission requirement on Mars. The
Spirit and Opportunity MERs were expected to have a mission life of 90 days [10]. Based on a
similar mission length, with one charging cycle every Sol (Mars day), this requirement will
ensure that the solar array will be able to provide power to the rover for over ten times the
expected mission length.
The power production requirement describes the maximum power that the array will produce in
‘ideal’ Earth conditions (full sun, perfect alignment, etc.). The actual power produced on Mars
will only be about 43% of the power on Earth, due to Mars being farther away from the sun. The
attachment width parameter describes the width of the system at the point of attachment to the
rear rover deck. This is the key size constraint, as the solar collection system must attach in the
available deck width between the two wheel-struts.
The full extension deflection requirement constrains the stiffness of the fully deployed solar
system. The system must not deflect more than 25 mm under normal predicted wind and other
loading. The requirement for system efficiency pertains to the overall efficiency of the system
when deployed, which will be a ratio of the net power developed to the net power received.
Battery charge time is one of the requirements that depends significantly on many other factors.
Charge time depends on the efficiency of the solar cells, surface area the panels deployed,
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amount of time the panels are deployed for, and the environmental conditions during
deployment, which is why this parameter is labeled as high risk.
The system mass is limited mainly due to the cost associated with sending materials to space.
Once the rover is on Mars, the mass of the solar collector is less important, however, the overall
rover mass (and therefore, mass of the solar collection system) must be limited in order to
minimize the cost to send the rover into space and onto Mars. This specification is designated as
mass so that it will be constant no matter which planet it is measured on.
The requirement for clearance from the rover is designed to protect the solar array if the rover
moves while the array is deployed or if winds blow the array while it is deployed. By
constraining the stiffness of the system and the distance between the array and any other parts of
the rover, we can restrict the movement of the array to ensure it does not impact other parts of
the rover.

2.0 Background Research
The exploration of Mars allows for countless scientific discoveries and advancements. In order to
explore Mars, technology like Mars landers and rovers are used to study aspects such as the
formation of Mars, or the future exploration of Mars by humans [1]. This section describes
relevant research our team performed before and during the design of our solution. Because the
goal of our project is not to create a marketable consumer product, our research is focused more
heavily on previous Mars rover technology and environmental information regarding Mars that
influence our design decisions. However, we have also included some information on more
current collapsible solar technologies.

2.1 Martian Environment
The Cal Poly ‘EXO’ rover has an eventual goal of being deployed on Mars. Therefore, our solar
power system must be able to withstand the harsher environmental conditions of the Red Planet.
This section describes relevant information about the Martian environment and how these
considerations affect our design.
2.1.1 General Planetary Information
Mars is a planet that has many similarities to Earth such as having a gravity that is 38% of
Earth’s and an atmosphere that is 1% as thick as Earth’s [2]. A day on Mars (sol) is about 24
hours, 39 minutes, and 35 seconds long, so it has a slightly longer daytime and nighttime than
Earth. Due to Mars being farther away from the sun, the solar irradiance at the top of the
atmosphere is about 590W/m2 which is only about 43% as intense as on Earth [3]. Mars has an
axial tilt which induces seasons on Mars and creates a wide range of temperatures with an
average of -63°C, highs of 20°C, and winds up to 30 m/s. Much of Mars is covered by rocks,
sand, and soil and these high winds can cause dust to get picked up into the air. Mars has been
recorded as having global dust storms that have damaged Mars rovers in the past. Since Mars is
so dry, dust can stay in the air longer than on Earth [4]. A solar panel on Earth will not work the
same way as on Mars.
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2.1.2 Dust Considerations
The dusty atmosphere on Mars reduces the short wavelength portion of the solar spectrum which
can lower cell efficiency by up to 10% [5]. Another problem comes when the dust settles on top
of the solar panels as seen in Fig. 2 on the Spirit rover in 2007.

Figure 2. Clean vs. Dust Covered Spirit Solar Array [6]
The weather on Mars can affect how well the solar panels work significantly. Being stuck in a
dust storm can cover solar panels, however some parts of the planet experience strong winds
which can blow the dust off the solar panels.
Dust can also affect mechanical components of the rover, specifically the deployment and
retraction mechanisms. Since the surface of Mars consists 5-14 percent iron oxide [7], the ferrous
dust typically collects on components of the rover that are electrically charged (i.e. motors, solar
panels, etc). Dust collecting in the deployment system can compromise the entire deployment
process. Gears, linear actuators, or any translational mechanism the rover uses must be protected
from dust collection. Motors that are sealed from external elements currently exist and are used
in high dust environments such as sawmills.

2.2 Previous Rovers and Landers
There are several existing solutions for unfolding solar panel mechanisms that have been
successfully deployed on past Mars missions.
2.2.1 Mars Exploration Rovers
The Mars Exploration Rovers (MERs), Spirit and Opportunity, were two rovers sent to Mars in
2003. These rovers both had wing-like solar arrays consisting of one fixed panel and five
deployable panels, seen below in Figure 3 [8]. The MER solar arrays consisted of triple-junction
solar cells that were designed to collect more sunlight [9]. These panels were deployed upon
landing and stayed deployed for the duration of the mission. Both rovers outlasted their expected
mission time of 90 Sols (approximately 3 months), as Opportunity ended its mission on February
13, 2019. This outstanding performance can be attributed to the unexpected cleaning of the
rovers’ solar panels during their missions. This dust removal was caused by strong wind gusts
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and dust devils that cleaned off the solar arrays and allowed for continued solar energy collection
[10]. This dust removal is not universal for all solar arrays that may be deployed for Mars rovers
and landers, as it depends on local meteorological conditions.

Figure 3. Artist Depiction of a Mars Exploration Rover
2.2.2 InSight Lander
The InSight Mars lander is a stationary lander deployed on May 5, 2018 [1]. The lander uses two
sets of circular solar cell arrays made up of rigid, triangular panels hinged at two sides as
illustrated in Figure 4. These panels have a total deployment time of about 5 minutes, a
reasonable time given its size. Since InSight is a lander that does not travel, many of the
requirements differ compared to those of a rover. Particularly, stability and interference with the
main body are not as important factors, and the space available is much greater. Although the
InSight solar panel array collapses into a very compact size, the shape of each rigid panel makes
it difficult to implement in a smaller array. Since the array utilizes triangular panels, working
with rectangular solar cells is less efficient since rectangular cells results in more unused space
on the edges of each panel. As expected, the InSight solar panel array also had issues with dust
collection – there is no active cleaning system for the panels, and it relies mostly on wind to clear
dust – causing the efficiency of the panels to decrease dramatically over the course of the
mission. The geographical location of InSight did not allow for the same cleaning events that
happened with the MERs; however, the InSight team was able to take some of the dust off the
panels by using InSight’s robotic arm to scoop sand next to the panels. The dust was carried
away with the trickling sand and provided a 30 Watt-hour per Sol boost [11].
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Figure 4. InSight Solar Panel [1]

2.3 Other Folding Solar Arrays
Lastly, we explore other folding solar array solution that have not specifically been deployed on
Mars but still offer insight into foldable solar configurations.
2.3.1 Japanese Space Flyer
Another implementation of a folding solar panel array is the Japanese 1996 Space Flyer Unit,
which utilizes the Miura fold [12]. This folding pattern compresses a large sheet of individually
hinged square panels into a small volume and can be easily deployed by pulling on any external
corner of the array. This pattern is shown in Figure 5 below. This achieves a similar purpose to
the panels in the InSight lander, but in a rectangular form factor.

Figure 5. Miura Folding Pattern [13]
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2.3.2 Mars Autonomous and Foldable Solar Array
At the University of Colorado, Boulder, a team has designed an autonomous and foldable solar
array for a Mars lander, seen below in Figure 6. This was designed as an in-situ power resource
for humans living on Mars [14]. There are five flexible booms, and in deployment, two motors
rotate the hubs and force the booms to extend outwards to unfold the panels. The array also
offers retraction to fully stowed to mitigate dust and harm from storms. This design also
considers dust accumulation, as a partial retraction to position the panels at an angle lets dust
slide off the panels into the center.

Figure 6. Model of a Fully-deployed MAFSA Array [14]
All these already-existing projects and designs were considered during concept generation.

2.4 Applicable Testing Methods
In terms of standard testing and validation procedures for systems such as these, standard FEA
testing and measurement of voltage and wattage output at various folded/unfolded positions will
take place during the testing stage. During the development of the NASA Mars Exploration
Rovers, testing was conducted that simulated launch, in-space, and Mars surface conditions [15].
Due to lack of access to facilities like these, the team will develop testing methods. An in-depth
explanation of testing can be found in Section 5.

3.0 Design Development
In order to design and create a solar collection system capable of meeting our engineering
requirements, we followed the method of approach outlined in the flowchart below in Figure 7.
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Figure 7. Design Process Flowchart
Throughout this process, communication between our team, sponsor Rich Murray, and other
EXO Rover teams that deal with structure, coding, and more were necessary to coordinate design
aspects of the solar collector system and make sure each team’s projects work well together. Our
team also built two prototypes. The first prototype was used for initial manufacturing, testing,
and improvements. This prototype was built without any solar cells due to the high cost of the
cells. The second prototype was made for presentation and demonstration of deployment and
retraction at the Senior Design Expo.

3.1 Concept Generation
After performing multiple stages of brainstorming and ideation, we created Pugh matrices,
ranking each concept based off certain criteria. From these matrices, we pursued our top scoring
ideas and created models to better understand how they would operate.
The major aspects of the design that we decided on during the conceptual design phase were the
folding pattern for the solar array and the actuation mechanism. Although these were not the only
aspects of the design to be decided on, they represented the major portions that influenced the
rest of the design. The following sections describe the concepts we generated for these two areas.
3.1.1 Folding Pattern Concepts
The first governing design category was the folding pattern. This was a key customer
requirement to ensure a compact rover footprint for transportation, stability while driving, and
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protection during dust storms. The following figures display several folding arrangements we
created after refining our initial brainstorming.
Figure 8 shows the side accordion folding concept. This concept utilizes two hinges on either
side to fold out additional panels. This allows them to fold up vertically when fully retracted.

Figure 8. Side Accordion Design
The next top concept we selected is the four-bar folding concept, shown in Figure 9. This allows
for a similar expansion to the accordion fold but is easier to actuate since the rotation of the bars
controls the unfolding.

Figure 9. Four Bar Linkage Design
The cantilever slide design in shown in Figure 10. This design uses linear sliders to expand and
retract a sliding tray. This design has the added benefit of protecting the panels that rest beneath
the sliding tray, as well as being able to be easily driven by a linear actuator.

Figure 10. Cantilever Slide Design
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Finally, our side fold design is shown in Figure 11. This design utilizes large, rigid panels on
either side of the main solar array. These panels are on simple hinges and fold out to deploy.
Although this design does not fold up to as compact of a footprint as some of the other designs, it
is robust and simple.

Figure 11. Side Fold Design
3.1.2 Actuation Mechanism
The other major aspect of our concept design was the actuation mechanism. Different folding
patterns lend themselves to different actuation mechanisms; however, there were still several
options for actuation that could be used with multiple folding arrangements.
The major options we considered for actuation were cable drive, rack and pinion or ball screw, 4bar linkage or scissor, and linear actuator. Rough sketches of these ideas are included in
Appendix B alongside the decision matrices discussed below. These actuation methods were
partially inspired by previous rover and solar designs, as well as known (relatively) simple
techniques for mechanical actuation.

3.2 Concept Selection
In order to evaluate these top concepts and select one, we went back to our engineering
requirements and specifications in Table 2 and investigated how each design satisfied (or did not
satisfy) these specifications. We also referred to our original Pugh matrices we created (shown in
Appendix B), in which different aspects of the original concepts in these matrices were
incorporated into these new, top concepts. The team also ensured that we weighed aspects and
requirements that were more imperative to the project’s success and to our client. The team also
consulted our sponsor to see which designs might better suit his needs more directly.
To last 1000 deployment/retraction cycles, our concept design needed to utilize simple
mechanisms that can withstand the effects of dust collection and harsh weather conditions. An
example of this is using an encased rail system with an aluminum wheel to deploy the sliding
panel. The rail is protected from the elements and any dust collected will be pushed out of the
way by the wheel.
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To meet our power requirement, we needed approximately 70 solar cells on the array. The
calculation for number of cells needed was done by Client Murray after testing a sample cell for
output voltage and current. The power from 70 cells allows us to fully charge the battery within
70 hours, assuming each cell is producing power.
Utilizing the rear deck of the rover and an extended rail, we had to produce a deployment
mechanism that maximizes surface area while limiting deflection of the panels with both an
encoded limit (in the micro controller) and a hard stop. The array we chose could not interfere
with the rover’s movement (suspension, robot arm, etc.) when in the collapsed position and
would only be deployed when the rover is in a parked, somewhat level position.

3.3 Selected Concept Design
Our selected concept design combined multiple high scoring concepts from our Pugh matrices.
The design utilized a sliding cantilever tray combined with side folding panels on either side,
allowing for 72 cells in the system. The picture on the left in Figure 12 shows the system in its
folded position, and the picture on the right shows it fully deployed.

Figure 12. Folded and Unfolded Position of Solar Array
The sliding tray was driven by a single linear actuator, and the side panels were spring loaded
outwards with torsion springs. Motion of the side panels was controlled by a triangular cam
(pictured in Figure 13) attached to either side of the rover. This removed the need for an
additional actuator to drive the unfolding of the side panels.
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Figure 13. Triangular Cam
The sliding motion of the tray was achieved using custom aluminum extrusions with a channel
for a wheel to run in as shown in Figure 14. The wheel runs relatively loosely in the channel,
allowing for functional operation even if dust collects. In addition to this, the extrusion was
designed to allow for dust to escape when highly built up. Additional dust removal channels
were planned to be added after initial prototyping.

Figure 14. Aluminum Extrusion with Wheel
In order for our design to fold up during shipping, one time use latches were included on the
back of the design (shown in Figure 15). This let the panels to fold past their usual folded
position into a more compact footprint for shipping. Once deployed for the first time, these
latches are no longer in the way of the solar panels, allowing the panels to fully unfold.
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Figure 15. Shipping Latches
To remove dust from the panels, brushes shown in red in Figure 16 were attached to the sliding
tray. These brushes clear dust from the stationary panels each time the panels are folded and
unfolded.

Figure 16. Dust Removal Brushes
Although the geometry and folding mechanism of our concept design were well-defined, there
were still several aspects of the design that will need to be finalized before detailed analysis or
manufacturing could begin. This included structural material selection, material sourcing and
planned manufacturing methods, and the precise location and housing of the actuation system.
In terms of the mechanical design, the geometry and placement of the cam system that unfolds
the side panel also needed to be finalized. The remaining cam design included a sliding interface
between the panels and the cam, along with tuning the dimensions of the cam to achieve the full
range of motion necessary for the side panels.
At this point in the project, we were still uncertain on how much funding we would receive.
Depending on the amount of funding we received from various endowments, the structural
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material for the ‘trays’ and rails that support the solar cells were likely to be made from
machined or extruded aluminum or titanium alloys. If the rails for the sliding tray ended up being
extruded, we planned to have this done outside of Cal Poly. If the rails were to be machined, they
would be manufactured in-house or by another vendor depending on complexity and cost. For
the initial prototype, we planned to use t-slot aluminum or something similar for the rails. The
wheels used to move the rails were to be made of a hard polymer material such as Ultra High
Molecular Weight (UHMW) polyethylene or Teflon which would not be adversely affected by
the extremely low temperatures on Mars.
Besides the precise material selection and manufacturing, the actuator and housing for the
actuator also needed to be designed. Our sponsor recommended ServoCity as a source of servo
motors and linear actuators, and we thought the system would likely be contained under the
permanent solar panel. However, the details of dust prevention and the exact connections still
needed to be decided.
Lastly, a remaining major task was the electrical side of wiring the panels together to charge the
battery. The individual cells are designed to be connected in long rows, with the tabs on the end
of one cell connecting to the back of the cell next to it. However, the combination of series and
parallel cells, along with the wiring arrangement on the panels that fold/slide still needed to be
determined.

4.0 Final Design
This section describes the final design as-built, including a high level overview, detailed
descriptions of key features, supporting analysis results, cost, material selection, and safety and
maintenance considerations. Some of the originally intended design features were not included
due to time and manufacturing constraints. These features are noted in the following description
and further described in the Product Realization section pertaining to future manufacturing
recommendations.

4.1 Final Design Overview
Here, a high-level breakdown of our design is presented. Figure 17 shows a complete overview
of our system assembled on the rover in its folded and unfolded configurations. Figure 18
displays an exploded assembly view showing the major subsystems of our design, which are
explained briefly below.
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Figure 17. Final Solar Collection System Design in Unfolded and Folded Configurations

Figure 18. Solar Power System Exploded View
The five major subsystems of the design are as follows:
1. Base panel
2. Side panel
3. Sliding panel
4. Base rollers
5. Driveshaft/axle
The base panel subassembly consists of the 1/16-inch carbon fiber structural panel, Kapton
insulation between the panel and cells, 24 space-rated solar cells, RTV silicone to attach the cells
to the panel, and all associated wiring. Note that in the delivered final prototype, only 48 cells
were provided by the sponsor, so the base panel did not include any solar cells. The panel still
included Kapton tape insulation, but no cells were attached. The side panel subassembly is
similar with the addition of Delrin 500 AF (self-lubricating Delrin and Teflon mix) rods to slide
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along the cams, along with the hinges used to attach the side panels to the sliding panel
subassembly.
The sliding panel subassembly includes the same 1/16-inch structural carbon fiber panel with
cells, Kapton, and RTV silicon as the base and side panel subassemblies. It also includes custom
machined brackets which combine a u-channel for the wheels to roll in with L-brackets to attach
to the carbon fiber sliding panel. This subassembly also includes the gear racks of the rack and
pinion along with hard stops that prevent the side panels from folding out past horizontal. In the
original final design, the custom machined part was designed as a custom aluminum extrusion
which also included the hinge as part of the extrusion profile. However, this was replaced with a
machine equivalent due to time constraints with the long lead time for the custom extrusion.
The base roller subassembly consists of structural aluminum L-brackets, rod supports and
bearings that attach the panels to the driveshaft, Delrin rollers which facilitate the sliding, and all
associated hardware necessary for attachment.
Finally, since all of the motor and shaft supports are included in the rover body, the driveshaft
assembly simply includes the aluminum shaft, all gears, motors, bearings, and hardware
necessary for attachment.

4.2 Detail Design Description
This section further explains the details of our design, including key mechanical features,
electrical details, and information on the software design.
4.2.1 Mechanical Detail Design
There are several mechanical features of the design that have been updated or changed since the
original conceptual design. The key features and major changes along with their justifications are
explained below.
The first major change to the design from the concept design phase was the method of actuation.
We had originally planned to drive the solar tray expansion and unfolding with a linear actuator.
However, we were unable to find an actuator within our budget that had a long enough stroke
length to fully extend the tray while also being small enough in the retracted position to fit in the
allotted space on the rover. We also had concerns about the weight of the actuator since most of
the options we did find were heavier than acceptable given the strict mass requirement.
The updated design uses a rack and pinion to with a gearmotor to drive the folding and unfolding
of the design. We have also arranged the tray pivot point and pinion gear for sliding along the
same axis, which offers several advantages. For one, this allows both motors to be mounted to
the ‘stationary’ rover base, instead of having motors mounted on the tilting panel. This is
advantageous because it reduces the mass that this tilting motor needs to move and also reduces
the complexity of the mounts needed for the motor that drives the sliding (the mounts are now
integrated into the rover body). Secondly, this allows us to simultaneously tilt and unfold the
array for greater flexibility. Depending on the method of actuation for unfolding, tilting the array
could disengage the folding/unfolding mechanism, forcing us to unfold, then tilt, then tilt back,
and finally fold back up. With this arrangement, we have the flexibility to unfold/fold and tilt at
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the same time if needed. In addition, this arrangement with both motors mounted to the rover
body allows for a much simpler cable path electrically from the rover brain to the actuators that
control the motion of our array.
Figure 19 below shows a section view of the main driveshaft assembly that the worm gear and
pinion gears are mounted on. Both pinion gears are rigidly attached to the 6mm aluminum axle,
while the middle worm gear that drives tilting is attached to the axle with a bearing, allowing for
rotation that is unaffected by the rotation of the pinion gears.

Figure 19. Driveshaft Assembly Section View
Figure 20 below shows a view of our rack and pinion assembly. The pinion gear is driven by a
larger gear attached to the motor that meshes through a slot in the rover body. The enclosed rover
body protects the motors and driving gear from dust, while the relatively low pitch and
orientation of the rack with the teeth facing down allow the rack to operate even with large
debris in the gear teeth. This picture also demonstrates the update design for the motor mount
from the first prototype. The final design uses a detachable plate which attaches to the motor
separately and then is attached with screws to heat-set inserts installed in the rover body. The
previous design used nuts on the opposite side of the attachment plate from the motor, which
ended up being very difficult to install while the driving gear was attached to the motor shaft.

Figure 20. Rack and Pinion Assembly
The next major feature of the design is the angled cams which allow for passive folding and
unfolding of the solar array, shown in Figure 21. Although these were present in the conceptual
design, the mounting method and edge geometry has changed slightly. The cams were initially
The Sunny Company Final Design Report: Solar Solution for Mini-Rover

19

Final Design

going to be integrated into the rover body; however, to allow for quicker iterations on the
geometry, we opted to make the cams 1/4-inch acrylic sheet, mounted to the rover body with 4
screws. This allows us to modify the cam geometry without manufacturing an entire new rover
body. Triangular slots have also been added to the cam panels in order to reduce weight and
allow sunlight to travel through them. Finally, circular rods of Delrin AF have been added to the
contacting surfaces of the cam and side panel. Delrin AF includes PTFE for lubrication, and the
circular shape of the contacting surfaces minimizes contact area while still providing a smooth
surface to slide against. The first prototype included steeply angled cams, which were found to
be unnecessary after testing, as the array folded up relatively quickly along the cam path. Thus,
in the final design, the angle of the cams was lowered to elongate the distance over which the
unfolding occurred and to reduce any shadow the cams may create.

Figure 21. Original (Left) and Final (Right) Geometry of Angled Cams
We also added a tilting ability to our system since the conceptual design phase. Although solar
tracking was not a requirement of the customer, our sponsor has requested that we incorporate an
ability to tilt our solar array approximately 30° to help increase power production on Mars. We
have incorporated a tilting mechanism driven by a worm gear to angle the entire solar array,
shown in Figure 22. The worm gear is attached to a lever that connects to brackets on the
stationary panel, and rotation of the worm gear causes tilting of the panels. As mentioned
previously, this worm gear is attached to the driveshaft using a bearing, so the rotation of the
gear is only driven by the worm, not the rotation of the driveshaft. The decision to use a worm
gear for the tilting mechanism comes from a few main design restrictions: size, weight, and
power. First, worm gears allow for large gear reductions in a compact form factor. This small
size allows us to free up room within the chassis to allow for a rover battery to fit inside the rear
deck. This large gear reduction also allows us to use a smaller motor, reducing the weight of our
design. Lastly, a worm gear will allow us to maintain the angle of our solar array without
consuming any precious power from the rover’s main batteries, since it cannot be back driven. In
the original prototype, the weight of the solar array when extended pulled on the worm gear and
caused bending of the axle. In the final design, we selected a higher quality worm gear set with
less backlash and also installed additional supports for the axle near the worm gear to reduce
deflection of the system when extended. These supports are also visible in Figure 22 below.
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Figure 22. Tilting Mechanism and Axle Supports
Finally, we have added and updated several features to assist with dust protection and mitigation.
Figure 23 displays dust mitigation ramps that help dust to slide off the rover body when
collecting near the pinion gear. Due to the nature of the tilting design, the pinion gear must be
exposed to some extent. Results of our dust testing are found in the Design Verification section.

Figure 23. Dust Mitigation Ramps
We had intended to incorporate our original conceptual design with brushes (in red) on the
sliding tray in our final design, as shown in Figure 24. However, due to time constraints in
cutting the brushes to the appropriate length and issues with the glue used to attach them to the
sliding panel, this feature was ultimately removed from the final prototype. However, using
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brushes attached to the sliding tray to remove dust from the stationary panel each time the sliding
panel extends and retracts is still a viable dust mitigation strategy that can be incorporated in
future prototypes.

Figure 24. Sliding Tray Dust Brushes
With such an open design, our team recognized that there will be a risk of dust entering our
systems and causing mechanical issues. Although our prototype performed well during dust
testing, our team did not have time to extensively test our prototype in Mars-like dust storm
conditions. In order to be prepared for failures that could occur in those conditions, we have
prepared suggested contingency plans for further dust mitigation if necessary. Listed below are
further dust mitigation features for each part that can be implemented if necessary. Underlined
features are those that were wholly or partially incorporated into the final design.
Pinion Gears:
• Brushes placed continuously contacting pinion gears
o Rotation of gear allows brushes to remove dust from teeth
Rover Body Gaps:
• Dust drain channels
o Channels within the rover body that allows dust that has fallen in through the top
of the rover body to exit out the bottom
o Localizes dust to channels inside the rover body instead of allowing dust to spread
within rear deck
• Brushes
o Brushes can be implemented as a flexible way to seal off the inside of the rover
body from external elements
▪ One set of brushes to seal all area between driving gear and rover body
▪ One set of brushes to seal all area between worm gear and top plate
▪ Similar to dust mitigation method of Galaxy Z Fold [16]
Sliding Extrusion:
• Brushes can be implemented on the top and bottom inner surfaces of the U channel that
our rollers rest in.
• Magnetic strips can be implemented on the bottom surface of the U channel where dust
will tend to collect
o The dust on Mars is ferrous, and magnetic strips can move the dust away from the
main rolling surface of the U channel
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•

The bottom profile of the U channel can be bent and machined so that dust will slide out
of the extrusion instead of stay inside
Hinges:
• Dust removal gaps
o Gaps can be machined into each hinge knuckle, allowing dust to escape when
collected in the hinge
• Custom hinge extrusion
o Our team is currently looking into sources for a custom extrusion that will
encapsulate the hinges, the sliding tray mounting brackets, and the U channel. A
custom extrusion would allow us to design gaps in the hinge knuckles that allow
dust to exit instead of cause interference.
• Changing from continuous hinge to 3 smaller hinges
o Switching from one long hinge to 3 smaller hinges will allow space for dust to
escape without having to travel the full length of the hinge
Figure 25 below shows the hinge modification we used to reduce friction on the unfolding and
allow dust to fall through between the sliding and side panels. A custom extrusion which
combined the hinge with the L-bracket/U-channel part was ordered but did not arrive in time to
be included in the final prototype, but will be used in future versions of this system.

Figure 25. Non-continuous Hinge Modification for Dust Mitigation
The full detail drawing package for the manufactured or modified parts is included in Appendix
E.
4.2.2 Electrical Detail Design
Our initial conceptual design focused mainly on the mechanical aspects of the design, including
the folding geometry of our array and the method of actuation, since these governed the many
subsequent aspects of the electrical and software elements. During our critical design phase, we
updated our design to include these electrical elements, including the layout of the solar cells and
a wiring diagram.
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The goal of the solar cells is to be able to charge a 34.5V lithium-ion battery with a minimum
current of 220mA. Preliminary solar cell testing and calculations can be seen in Appendix C.
From this data, we determined that 3 banks of solar cells in parallel with each bank having about
24 solar cells would sufficiently charge the battery. When a bank of solar cells draws 160mA,
each solar cell will have a voltage of about 1.6 volts. If we have 24 of these cells in series, it will
give us 38.4V per bank which is enough to charge the battery. We also chose the solar cells to
draw 160mA to allow the solar cells to be able to charge the battery even if a full bank dies and
becomes inoperable. Two banks in parallel will give 228mA which satisfies the minimum
current of 220mA.
The donated solar cells we received have convenient tabs that can be soldered to adjacent solar
cells to make a neat row of cells. Our cell arrangement is divided into rows of 6 cells (4 rows
each on the base and sliding panels, and 2 rows on each of the side panels). Our final design
required soldering each row of 6 cells together in series (as shown with 4 cells below in Figure
26), then connecting the rows together in series using nickel strips to reach a bank of 24 cells.

Figure 26. Backside of Four Solar Cells in Series
There are two main electrical systems that can both be seen in Figure 27. On the left side, we
have the solar cells where there will be 3 parallel banks of 24 cells in series. A bypass diode is
attached in parallel to each solar cell to allow the rest of the bank to be operable in case a single
cell becomes damaged or breaks. These diodes come built-in to the solar cells. While we
intended to include blocking diodes at the end of each bank in order to prevent the current from
one bank flowing back into the other banks, we were unable to add these in due to time
constraints during manufacturing. The right side of the diagram shows how the battery powers
our two motors. A charged battery powers the main rover controller (a Raspberry Pi 4), which in
turn powers the RoboClaw motor driver. While communicating with the Raspberry Pi, the
RoboClaw is able to freely control both the tilt motor and the extension motor while using
encoders to get feedback from the motors. A couple notes about the final prototype. First, the
solar array was unconnected to the actual space-rated battery and instead a separate battery
powered the Raspberry Pi and RoboClaw without being connected to the solar array. Also, the
main controller was not part of the final prototype as this was part of another team’s project.
Finally, our final prototype only had two full arrays of 24 and had no solar cells on the fixed flat
panel due to the price of the solar cells.
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Figure 27. Wiring Diagram of Electrical System
4.2.3 Software Detail Design
Although our project does not focus heavily on software, there are still a few aspects of our
system that relate to software. The software related components and high-level diagrams
governing the logic of our programs are described below.
Both of the motors used for actuation are controlled by a RoboClaw motor driver, which
communicates between the rover brain (Raspberry Pi) and the motors. One RoboClaw is able to
interface with two motors and encoders and has built in capabilities for position and velocity
control along with current sensing. We used the publicly available RoboClaw Python library to
interface with the motor controller and send commands that automatically perform closed-loop
PID control to achieve the desired acceleration and speed while moving the motors to a certain
encoder position. We also utilized the current sensing commands as a redundant check on the
position when the array hits the hard stops or gets jammed from debris. State transition diagrams
showing the inputs, outputs, and commands of the two systems (unfolding and tilting) are shown
below in Figures 28 and 29. The full code for the system and tests is included in the Appendices.
It can also be found online in The Sunny Company GitHub repository, which is linked in the
Appendices.
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Figure 28. State Transition Diagram for Unfolding System

Figure 29. State Transition Diagram for Tilting System

4.3 Design Analysis
Now that we have described the key features of our final design, we will summarize the results
of the analysis we performed during the critical design phase. The following sections describes
the analytical and physical testing we performed on our design and early prototypes to ensure it
would best meet the engineering requirements we had developed.
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4.3.1 Wind Analysis
There are several extreme environmental conditions on Mars including high wind-speeds, dust,
and below freezing temperatures. To ensure our solar array operates correctly in this
environment we performed an FEA simulation using the SolidWorks Flow Simulation Add-in.
This allows us to simulate Martian conditions (at max wind speed) to analyze the stresses on
each member of our design. The results are shown below.

Figure 30. Von Mises Stress Results for Wind Loading Simulation
Figure 29 above shows a visual representation of the Von Mises stress our array will undergo
under the max wind speed of 67 mph during a dust storm on Mars (equivalent to ~9 mph wind
on earth due to a less-dense atmosphere). In this scenario, we positioned the wind perpendicular
to our deployed panel, a worst-case scenario. The maximum stress of 20.7 kPa occurs at the
hinges and is well below the yield strength of aluminum, which is about 270 MPa for alloy 6061.

Figure 31. Displacement Results for Wind Loading Simulation
When under load, displacement is greatest at the edges of each wing panel. Under this loading
scenario, the max displacement is on the order of 0.01 mm. This is well within the requirement
of 25mm allowed deflection at full extension. While small, this could be reduced further by
reinforcing the perimeter of the wings. This allows us to make a stronger component while
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keeping excess weight down. We also predicted that the addition of Kapton insulation and the
solar cells would provide more rigidity to our system.
The dust and wind testing we performed to validate our system is described in the Design
Verification section.
4.3.2 Mass Analysis
Since one of the important engineering requirements is a 2 kg mass limit, we created a mass
tracking table during our critical design analysis to calculate the total mass of our final prototype
system before we built it. For earlier iterations of the prototype, we used less expensive and more
readily available materials, such as Delrin sheets for the structural panels instead of carbon fiber.
These substitutions were of the same (or similar) size and shape, which allowed us to easily
replace the component in the final prototype. The following table shows the relative masses of
each component in our final prototype and the total mass, which meets the 2 kg threshold in our
engineering requirements. Masses were calculated using SolidWorks models with the
appropriate material set. Note that the 2 kg mass limit is not critical to the functionality of the
solar array or rover, but was set as a reasonable limit for the system to help reduce the cost of
sending the rover into space.

Figure 32. Mass Tracking Table
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4.3.3 Driveshaft Analysis
In addition to analyzing the wind loading on our deployed panels, we also performed analysis
during the critical design phase on the driveshaft to ensure the deflections and slopes would not
exceed allowable limits for the bearings and worm gear.
Using a simplified model of the shaft as a simply supported round beam subjected to two point
loads (at the locations where the supports from the base panel attach), we found that the shaft
would deflect 0.11 mm at the center (where the worm gear is located) under the loading of a 60mph wind and the weight of the system itself. This is within the acceptable limits of deflection
recommended for the gear pitch we have chosen (0.13 mm). We also found that the slope at
either end, where the shaft is mounted in bearings, would be 0.001 rad, which is well under the
maximum allowable slope of 0.003 rad for deep groove ball bearings. These calculations were
performed on a 5/8 in OD, 0.035 in wall aluminum shaft which we planned to use for the final
prototype. The detailed calculations can be found in the Appendix. In the final design, we ended
up leaving the shaft as a solid 6mm aluminum axle, but the addition of the supports near the
worm gear described in the mechanical detail design served to limit the deflection of the axle
enough for the worm gear and bearings to function appropriately.

4.4 Prototype Cost Analysis
Our team manufactured and assembled two prototypes for this project. The first prototype was
used for most of the testing and design iteration and did not include the solar cells due to the high
cost of each cell. The second and final prototype was manufactured for the Senior Design Expo
with the improvements gained from testing and with two full arrays of solar cells (48 cells total).
Our system is not designed to be manufactured in bulk since its final use is for a one-way, finite
length mission to explore Mars. Therefore, we have not considered any high-volume
manufacturing methods or cost analysis of a ‘production’ unit.
4.4.1 First Prototype Cost Analysis
In order to cover the costs of our project, the team applied for and received funding from the
Baker-Koob endowment fund. Table 3 below shows the estimated operating costs that were used
to justify the funds requested from the endowment fund.
Table 3. Operating Costs Breakdown for Funding
Operating Expenses
Subtotal:

$4,600

Non-computer Supplies & Materials:
Approximate Cost
Per Item

Item

Quantity

Total Cost

Refurbished Space-rated Solar Cells

$40

70

$2,800

Servo Motors
Structural Material (Ti, Al)
Servo Motor Controllers
Misc Hardware Components

$150
$1,000
$100
$50

3
1
3
1

$450
$1,000
$300
$50
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As Table 3 shows, our budget consisted primarily of space-rated solar cells, material for
constructing the support structure for the solar array, and devices to control and power the
deployment and retraction of our array. Our client, Rich Murray, informed us that current
leading-efficiency space-rated solar cells cost approximately $500 each. However, our team
received a donation of about 100 solar cells from Professor Steve Dunton of the Cal Poly
Electrical Engineering department. The remaining funds that were supposed to go to the
purchase of the solar cells were instead used for other prototype materials, including the custom
extrusion and replacement customed machined part used on the final prototype.
The cost breakdown of the first prototype can be found in Appendix D. In total, the purchased
parts cost about $545. The RoboClaw and motors were supplied by sponsor Rich Murray, so
funds did not have to go to the purchasing of those parts. Additionally, the lithium-ion battery
packs, RTV, and Kapton tape did not have to be purchased for the first prototype, since it was
solely for testing the mechanical aspect of the solar collector.
4.4.2 Final Prototype Cost Analysis
The final prototype cost significantly more than the first prototype, mainly due to the expensive
custom extrusion and custom machined part that were used. As mentioned previously in the
mechanical design description, our client recommended we combine the U-channel, L-bracket,
and hinge into one shape to decrease the amount of manufacturing needed and allow for easier
mounting of the structural carbon fiber panels. The custom tooling needed for the extrusion and
large minimum amount of material used (minimum extrusion length of 20 ft) contributed to the
high cost of $1250. When our team realized this part would not arrive in time to incorporate in
our final prototype, we had to quickly pivot to a custom machined part, which cost $1000 due to
the complexity and short turnaround time.
The final prototype cost breakdown can be found in Appendix D under Prototype 2 Cost
Breakdown. The estimated cost of the final prototype is $1775.55. This cost does not include
materials that were re-used from the first prototype and counts for materials that consist of
“packs” with multiples of each item (for example, sets of 100 screws). The custom aluminum
extrusion cost of $1250 was not included in this breakdown because it was replaced by a custommachined aluminum part due to timing issues. This extrusion will be used by our client in future
iterations of the solar array.

4.5 Safety Considerations
There should not be any contact between the rover and humans once the project is finished
(unless we get humans on Mars). However, while designing and testing our project, there were a
few safety considerations to keep in mind. Our solar panels are designed to charge a battery, but
it never exceeded 40 Volts. We did not end up wiring the solar array to the battery or other parts
of the rover, so no additional permanent electrical precautions were necessary. During testing
and demonstration, we followed common Cal Poly lab safety procedures to prevent any electrical
shocks from occurring.
We required the use of the Cal Poly Machine Shops to assemble our project and abided by the
shop safety procedures when working with equipment. When designing our part, there were
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several steps we took to avoid other safety concerns. All corners or sharp points were smoothed
or rounded to avoid any cuts or abrasions. We reduced the number of pinch points and set limits
in our motors to avoid crushing any fingers. While the design does have an over-hanging weight,
it is only about 2 pounds and was retracted whenever possible to protect those working on or
under it.
All safety concerns are for this project were in the production and testing of our design, since it
will not interact with any life when it is on Mars. Please reference the Hazard Identification
Checklist below.

Figure 33. Hazard Identification Checklist

4.6 Maintenance and Repair Considerations
We expect our project to be worked on by several senior project groups in the future before it is
mission ready so any repairs or updates after our project completion will be at the hands of client
Rich Murray and the new teams. Once our rover is deployed on Mars, it will not be serviced,
repaired, or assisted in any way. Thus, it was important to design our components to withstand
the harsh Martian conditions and run for about 1000 cycles. However, it is extremely unlikely
our specific prototype will be the version that is sent to Mars, so there is a lower concern for it to
be free from any maintenance or repair needs. Our team still designed the prototype to withstand
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the harsh Martian environment and last over 1000 cycles, but we were not overly concerned with
long-term maintenance or repairs to our prototype. The testing our team performed to ensure our
prototype would meet these requirements is described in the Design Verification section.

4.7 Sustainability Considerations
Mars rovers are typically not designed for recyclability or sustainability due to the nature of
Mars rover missions. Currently, we are unable to retrieve these rovers after their mission is
complete. However, our team still accounted for sustainability by ensuring recyclability. Because
we built two prototypes, we reused the motor gear, pinion, gear motors, and RoboClaw from first
prototype and transferred them to our second and final prototype once the testing and
improvements were complete. This eliminated unnecessary part re-purchasing and reduced the
amount of materials needed for the two prototype builds. In addition, the remaining parts from
both prototypes will be handed off to sponsor Rich Murray for re-use in future iterations of the
rover’s solar power system. Finally, the use of solar cells itself is a sustainable practice as it
allows us to recharge the rover’s batteries numerous times in hopes of running hundreds of Sols.

5.0 Product Realization
This section provides a detailed summary of the manufacturing processes used in during the
fabrication of our initial and final prototypes. The bulk of the manufacturing we performed was
related to the mechanical aspects of our system. However, there was also electrical related
assembly (‘manufacturing’) that had to be performed before the final system could be assembled.
In addition to describing the manufacturing processes we used for both mechanical and electrical
systems, this section also provides recommendations for future manufacturing based on
difficulties we encountered while manufacturing and assembling our prototypes. Figure 34 below
shows the final prototype as displayed at the Senior Design Expo. This prototype also includes
the contributions of the structural and robotic arm teams.

Figure 34. Mini-Rover Final Prototype
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5.1 Mechanical Manufacturing
We utilized Cal Poly’s machine shops for the bulk of our manufacturing. As a whole, our team
completed over 200 hours of manufacturing in the Mustang ‘60 and Aero Hangar machine shops.
The mechanical manufacturing we performed consisted of several major processes, described
below. Unfortunately, we did not think to document our manufacturing processes during the
building of our prototype, so we do not have any pictures of ourselves performing the processes
outlined below.
5.1.1 Drilling and Tapping
All the holes on the brackets and mechanism were created using the following procedure. First,
we used calipers, a scribe, and center punch to accurately mark where the hole should be placed.
We then used a drill press with a smaller drill bit to drill pilot holes in the areas specified. It was
important to not clamp down the work piece when drilling as doing so would restrict the drill bit
from self-centering in the center-punched dimple. After drilling the pilot hole, we drilled the
final bit size, again allowing the bit to self-center. Next, we deburred the hole with a hole-debur
tool. If the hole needed to be threaded, we would utilize a tap set consisting of a tap handle,
appropriate tap, tap fluid, and tap-guide to manually thread the hole. If the hole needed to be
countersunk, we would use the appropriate countersink bit and calibrate the depth of cut on the
drill press. After many iterations on the first prototype, we were able to refine this procedure and
manufactured dozens of holes with high accuracy and repeatability.
5.1.2 Metal and Composites Cutting Processes
We were required to cut many objects to precise dimensions, down to ±1 mm. We utilized many
different machines to do so. To cut the 1/16-inch carbon fiber panels, we used the tile saw in
Mustang ‘60. This saw is very accurate but is only to be used on composites. It has a constant
stream of water which lubricates and cools the blade as it cuts.
We used both vertical and horizontal bandsaws to cut many of the metal parts, such as the
aluminum L-brackets and U-channel. We also used abrasive chop saws on some of the parts
when the part was not thick enough to be safely cut on the bandsaw (there is a minimum teeth
engagement requirement). After cutting the parts, we used belt sanders to debur and create a
smooth finish on the edges. On some parts with especially large burrs, we used files to smooth
the edges before sanding them. We also used the band saw and belt sanders to cut the hinges to
size on the first prototype; however, this created burrs within the hinge that impeded rotation, so
we did not continue with this technique on the final design. Instead, we used the step-shear to cut
the hinges to length and modified the inner rod of the pin to avoid being warped. We also used
Dremel tools with various cutting wheels or sanding bits to remove small amounts of material on
various parts, such as cutting out the middle of the hinges on our final prototype. Lastly, on large
tolerance parts such as the main axle or Delrin rods on the cams, we used a hacksaw to cut the
parts within tolerance.
5.1.3 Manual Machining
We also made use of the manual mills and lathes available in the shop during our manufacturing.
The lathe was primarily used for gear modifications such as reaming the hole to the precise
bearing or axle size or facing off the hub that came on the worm gear. For these operations, we
used drill bits, reams, and facing tools.
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The majority of the manual machining we performed was on the mills. These were used to cut
down the flanges of the L-brackets to the correct width, as well as mill slots in the Delrin rods
used on the cams and side panels. The mills were also used to drill precise holes in some of the
cylindrical parts, such as the shaft adapter for the motors to worm or pinion gear. All of the mill
processes used 2-flute square endmills to cut away material to achieve the correct dimensions.
For the first prototype, the L-brackets were cut down completely on the mill. This consumed
large amounts of time because of the large amount of material that needed to be removed and
need to re-fixture the part often as it changed size during the cutting process. For the final
prototype, we used the bandsaw to cut down the width to the approximate size, then finished the
remaining portion on the mill. This saved a significant amount of time since we did not have to
keep re-fixturing the part.
5.1.4 Laser Cutting
We also made use of the laser cutter in the Mustang ’60 shop to cut our acrylic and Delrin parts.
On the first prototype, we used the laser cutter to cut the Delrin panels to the correct size to
achieve the precise dimensions we needed. In the final prototype, the panels were carbon fiber
and were cut with the tile saw, but the laser cutter was still used to cut out the relatively complex
cam profile. To do this, we simply created a DXF file of the profile we wanted to cut from our
SolidWorks model, loaded the machine with our materials, and set the correct laser parameters
for the material and thickness we were cutting.
5.1.5 Waterjet Cutting
We also used the waterjet in Mustang ’60 to cut the gear racks on our final prototype. In an effort
to reduce weight, we wanted to make the gear racks out of aluminum instead of the more
commonly available bronze. However, we were unable to find any aluminum racks that were the
correct length and width for our design. Instead, we purchased some 1/4-inch-thick aluminum
stock and submitted a shop request to have our part cut on the waterjet. Although we ourselves
were not allowed to operate the waterjet (only shop techs can use it), this was an important
manufacturing process that help us cut a complicated profile into metal fairly quickly.
5.1.6 Additive Manufacturing
Finally, we also used additive manufacturing processes extensively during our manufacturing of
both prototypes. The mechanical structure team (one of the other teams working on the rover)
purchased a 3D-printer and printed the rover body from ASA, which both teams used to mount
their respective hardware to during assembly. This was an important structural component of our
design because it included the motor mounts and axle supports. We also used one of our team
members’ personal 3D-printer to print small parts, such as the tilt lever or motor mounting plate,
for both the first and final prototype.

5.2 Electrical Manufacturing
Our sponsor allowed us to use 48 solar cells in order to cover the two side panels as well as the
sliding panel with cells. We started by connecting the cells in rows of 6 by soldering the 3 tabs of
one cell onto the underside of the next. To ensure the cells were evenly spaced, we 3D-printed
guides where the cells could be placed while soldering. At the same time, we applied Kapton
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tape to the already-cut carbon fiber panels using soapy water and credit cards to smooth out any
bubbles. Once we had 8 groups of 6 cells in series, we used RTV silicon to attach 12 cells onto
each of the side panels and 24 cells onto the sliding panel. Once the adhesive dried, we used
metal strips to connect the 24 cells on the flat sliding panel in series. We used metal strips, flex
cables, and wiring in order to connect the 24 side panel cells (12 on each side) in series by
creating an electrical path underneath the flat sliding panel. After connecting the 2 positive and 2
negative terminals to one another, this gave us 2 arrays of 24 cells in parallel with each other.
The figure below shows the electrical procedure of soldering a row of 6 cells together using the
tabs on the back.

Figure 35. Soldering a Row of 6 Solar Cells Together

5.3 Recommendations for Future Manufacturing
A major aspect of our design is the extrusion that functions as a sliding mechanism, houses the
racks for the pinion gear, and contains hard stops for sliding. For the first prototype we created
the extrusion out of a modified aluminum L-angle bracket and aluminum U-channel. However,
this process was very time-consuming, since it required many different manufacturing processes
(cutting, drilling/tapping, machining) and required a large amount of hardware to assemble. For
the final design, we originally planned to combine these profiles, along with the hinge, as a
custom extrusion. However, due to delays in the delivery of the aluminum extrusion, a machined
part was used in place of the extruded part, and an off the shelf hinge was used in place of the
integrated hinge. The end product was a CNC-milled aluminum extrusion that had pre-drilled
holes for attaching aluminum hinges and racks. This saved a large amount of manufacturing and
reduced the number of fasteners needed on our prototype. For future prototypes using the custom
aluminum extrusion profile, future machining can be simplified by working off the existing
extrusion and simply removing unnecessary sections to create the hinge portions that attach to
the side panels.
One recommendation to reduce weight is to manufacture or buy aluminum pinion gears. By
cutting stock aluminum with the water jet, using a lathe to turn the hub, and a drilling a hole for
the shaft set screw, one can manufacture a pinion that is 4 times lighter than the current brass
gear.
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In terms of electrical manufacturing, it is important to not use excessive heat or solder while
soldering the metal tabs of the solar cells. Too much heat can damage the chemistry in the cells
and cause the overheated area of the solar cell to not produce power. Too much solder will cause
the solar cells to not sit flush against the carbon fiber panels, which is important to reduce the
risk of sand and other debris from getting stuck in between the solar cells and the panel.
Overall, we learned that manufacturing always takes much more time than originally estimated,
so it is important to start early and plan in detail. It is also helpful to have manufacturing
drawings or a laptop with the CAD on-hand during manufacturing to quickly reference
dimensions when needed. As the saying goes, it is important to measure twice, and cut (or drill)
once. It is always worth the extra time to measure the location or length again before performing
an action that cannot be undone.

6.0 Design Verification
In order to verify that our design met the engineering requirements outlined in section 1.3,
testing was done with both the first and second prototypes. This section outlines the testing plan
used, description of testing procedures, and detailed results of the tests. The testing plan can be
found in Appendix H within the Design Verification Plan & Report (DVP&R). Testing for the
prototype can be categorized into mechanical testing, electrical testing, and measurement tests. T

6.1 Mechanical Testing Procedures
The mechanical-related tests we performed were the folding cycles test, the full extension
deflection test, the deploy/retract time test, and the dust mitigation test. The procedure for each
of these tests is outlined in the following sections.
6.1.1 Folding Cycles
To conduct this test, program the unfolding and folding to happen continuously and fully charge
the battery to power the array. Time the folding for one, five, and ten cycles to find the average
cycle time. After this, test for two 8.5-hour time periods (estimate time needed to reach 1000
cycles) and check the system periodically. Take note of how many cycles occur and how much
time it takes to failure.
6.1.2 Full Extension Deflection
To measure the deflection of the extended array under wind loading, acquire a Microflat, drop
gauge, fan, and anemometer. After acquiring the necessary tools, place the rover body on the
Microflat and fully extend the array in the flat, 0° tilt orientation. Place 1-2 drop gauges along
the outer corners of the side panels and zero the gauges. Turn on the fan speed to around 4-5
meters per second (comparable to Mars top wind speeds relative to air density) by using the
anemometer to measure air speed. Record the deflection as indicated by the drop gauges.
6.1.3 Deploy/Retract Time
This test requires a stopwatch and a fully charged battery to power array movement. To conduct
this test, set the array to fully extend, as well as fully retract. Time the function with a stopwatch.
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6.1.4 Dust Mitigation
The materials needed to conduct this test are a fully charged battery to power array movement
and fine dirt particulate. Before fully extending the array, pour or toss fine dirt particulates on the
worm gear, rack and pinion, and partially on top of array getting some particulates in the hinges.
Extend the array and observe how the particulates affect array function. Retract the array and
observe again. Do this two to three times, adding more particulate as be needed, and observe
how the function is affected. If largely unaffected, this is a pass.

6.2 Electrical Testing Procedures
The electrical-related tests we performed were the power production test, the battery charge time
test, and the system efficiency test. The procedure for each of these tests is outlined in the
following sections.
6.2.1 Power Production
For this test, use one array of solar cells and angle them perpendicular to the sun during the
sunniest part of the day with clear skies. Set up a power resistor box to simulate the charging
battery and measure the voltage and current across and through the resistor box with two
separate multimeters. Power can be calculated by multiplying the current times voltage. Alter the
resistance of the power resistor box until maximum power is given.
6.2.2 Battery Charge Time
For this test, the battery specifications and current value at maximum power of for the array is
needed. Using these values, calculate the time to charge by dividing the battery mAh
specification by the current value.
6.2.3 System Efficiency
For this test, the irradiance data for the hour of power production testing and the maximum
power is needed. Using these values, calculate the efficiency by dividing the maximum power by
array area, then dividing this value (W/m2) by the irradiance.

6.3 Results
The results can also be found in the DVP&R in the Appendix as previously mentioned. Table 4
below lists the significant design verification test results, values, and target values.
Table 4. Results of Significant Design Verification Tests
Test

Results

Target

Quantity

Units

Power Production

FAIL*

> 55

40 W

Folding Cycles

PASS

> 1000

1030 cycles

Full Extension Deflection

PASS

< 25

0.127 mm

Battery Charge Time

PASS

< 70

8.07 hr

System Mass

FAIL

< 2.0

2.5 kg

System Efficiency

PASS

> 18

21.5 %

Dust Mitigation

PASS

-

-

-
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Photos of the setup for the folding cycles test can be found below in Figure 36. For the folding
cycles test, an average of 23-24 seconds per cycle (folding/unfolding) was found. Using this
value, we estimated that it would take 6.5 hours for the array to undergo 1000 folding cycles. For
the first part of the test, 823 cycles (~800 actual cycles) were completed over 5 hours, 3 minutes,
and 41 seconds. During this part, the axle slipped out, which caused the array to extend further
on the driven side and bind after a shorter extension distance. Due to this complication, we
estimated that about 800 full cycles were actually completed. In the second part of the test, 104
cycles were completed over 40 minutes and 5 seconds with an average cycle time of 23.1
seconds. In the third part of the test, 100 cycles were completed over 38 minutes and 1 second,
averaging 22.8 seconds per cycle. In total, this test yielded ~1030 cycles, which surpasses our
goal of 1000 cycles.

Figure 36. Folding Cycles Test Setup
Photos of the full extension deflection test can be seen below in Figure 37. The fan was turned
on to a speeds of between 3.9 and 4.3 meters per second as measured by the anemometer, which
correspond to equivalent speeds greater than 67 mph on Mars (maximum wind speed during dust
storms). The fan was positioned so all air was forced perpendicular to the array. This is the
worst-case scenario for a wind load on Mars. The gauge showed a deflection of 0.127 mm,
passing our test.

Figure 37. Full Extension Deflection Test with Fan
A photo of the dust mitigation test can be seen below in Figure 38. For this test, we poured fine
dust particulates onto the worm gear set and rack and pinion. The extension/retraction and tilting
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were run 3 times to examine how the particulates affect function. It was found that the effects are
negligible, and the dust mitigation features (ex. the ramps) worked well, passing our test. Some
dust lodged in the u-channel, but the motors and wheels were strong enough to push the dust out
of the way and continue functioning.

Figure 38. Rover Body Interior during Dust Mitigation Testing
Photos of the solar cell testing (power production) are below in Figure 39. Solar cell testing was
conducted on a clear, sunny day at 12:23 PM local time. Due to having only some resources
available, one bank (24 cells) was used for testing. Test results were estimated for the full three
banks using the output from one bank.

Figure 39. Power Production Test Setup with One Bank of Solar Cells
With all 24 cells in series, the total voltage was 53.2 V prior to adding a resistive load. Using a
resistor box, resistance was lowered by 10 Ω starting at 180 Ω and ending at 110 Ω, and voltage
and current were measured at each load. Table 5 below shows the test results.
Table 5. Solar Cell Power Testing Data
Resistance
(Ω)

Voltage
(V)

Current
(mA)

Power
(W)

W/m2

180

46.5

260.8

12.13

189.84

170

45.9

273.3

12.54

196.38

160

45.2

285.8

12.92

202.23

150

44.3

298.5

13.22

207.01
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140

42.9

309.9

13.29

208.12

130

41

319.6

13.10

205.13

120

38.4

324.1

12.45

194.83

110

35.6

327.2

11.65

182.35

The maximum power was found to be at a resistive load of 140 Ω with 13.29 W. The power
behavior can also be examined at the plot below in Figure 40.

Figure 40. Plot of Solar Array Power vs Current
Estimating for a full 3 bank array, the power in these conditions is 40 W. This is lower than the
target value, but our team determined that the target value should have been lower in the first
place as the 55 W value is for perfect conditions and a value of 40 W is acceptable. In terms of
system efficiency, irradiance data was taken from the SLO CIMIS Weather Data for 12:00 PM
that day with a value of 966.7 W/m2. With this, efficiency was found to be 21.53%, surpassing
our target value of 18%. Additionally, using the battery specification of 2500 mAh, the time to
charge was found to be 8.07 hours, which is much lower than our maximum target of 70 hours,
passing the test.
Aside from testing, measurements for design and prototype validation were taken. Attachment
width was less than the target value of 300 mm. Additionally, system mass was partially
measured and partially estimated due to lack of materials (no full array, etc.). The system was
calculated to be 2.5 kg, which is higher than our maximum mass of 2.0 kg, failing this test.
Section 5.3: Recommendations for Future Manufacturing offers ways to mitigate this issue and
reduce system mass.
Overall, the prototype passed all but one test and is considered a successful first step towards
powering the Cal Poly Mars mini-rover, EXO.

7.0 Conclusion
Throughout the 2021-2022 school year, The Sunny Company successfully designed, built, and
tested a foldable solar panel array to power the mini-rover ‘EXO’, coordinated by Cal Poly
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lecturer Rich Murray. The client’s strong desire for the array to be foldable was met, as well as a
desire to have the ability for the array to tilt to allow for solar tracking and power optimization.
The final delivered prototype passed all tests except for the power production test and mass
requirement. However, these requirements were not critical to rover function, as the mass
requirement was mainly for Mars transportation purposes and the array still produces adequate
power to charge the rover battery.
While this array is more advanced than previous generations, it needs further improvement
before it is “Mars-capable”. The system mass can be reduced by transitioning to fully aluminum
gear trains and making slight adjustments to geometry. In addition, the backlash in the worm
gear tilting must be improved for functional solar tracking. One way this could be done is by
adding additional support that tie the back wall of the rover body to the base to increase stiffness.
In addition, the power production of the system can be improved by using newer solar cells with
higher efficiencies. Lastly, further dust mitigation features should be added, such as magnetic
strips and brushes to clean off the driving gears. This prototype demonstrated the folding and
actuation arrangement of the solar array is effective, but further improvement and upgrades our
necessary to make the array able to function well in the harsh Martian environment. Overall, our
solar collection device will serve as a milestone for Exo’s future endeavors, both on and off this
planet.
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TUATION )

External linear mechani
sm (Worm gear,
External rotary
ball screw, rack
mechanism
and pinion)
(Belt, cam)

Linkage
driven
Spring loaded for pass
(4 bar, s Cable and Cable and line ive deployment
cissor)
winch
ar actuator
one way

Dust/debris
resistant

-
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1. Effectively
removes the dust?
2. Chance of
damaging solar
cells?
3. Can clean
multiple
times/reusable?
4. Heavy?
5. Price?
6. Takes up space?
Σ+
ΣΣs

Appendices
Swiffer
between
stacked
sections
S

Magnetic
Strips

Windshield Tilt panel to
Wiper
remove dust

Vibration

Scoop dust off
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Appendix C
Preliminary Testing of 4 Solar Cells in Series
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Current from two banks of cells:
160
⋅ 2 = 228MA
1.4
(1.4 comes from Mars being less efficient than Earth)
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Appendix D
Prototype 1 Cost Breakdown
Vendor

Product Name

Qty

Price/Each

Total

Openbuilds

Delrin Mini V Wheel Kit

8

$4.49

$35.92

Openbuilds

Low Profile Screws M5 (10 Pack) - 20mm

2

$1.29

$2.58

Openbuilds

Low Profile Screws M5 (10 Pack) - 25mm

2

$1.39

$2.78

Amazon

CanaKit Raspberry Pi 4 Extreme Kit - 128GB Edition (4GB
RAM)

1

$149.99

$149.99

Amazon

ReliaBot 2PCs 6mm x 400mm (.2362 x 15.748 inches) Case
Hardened Chrome Plated Linear Motion Rod/Shaft/Guide Metric h8 Tolerance

1

$13.49

$13.49

McMasterCarr

Alloy Steel Cup-Point Set Screw, M3 x 0.5 mm Thread, 4 mm
Long

1

$6.28

$6.28

McMasterCarr

18-8 Stainless Steel Socket Head Screw, M4 x 0.7 mm
Thread, 25 mm Long

1

$12.00

$12.00

McMasterCarr

Nylon Plastic Washer for M6 Screw Size, 6.4 mm ID, 12 mm
OD, Off-White

1

$7.11

$7.11

McMasterCarr
McMasterCarr

Metal Gear - 20 Degree Pressure Angle, Round Bore, 24
Pitch, 21 Teeth

2

$29.02

$58.04

Multipurpose 6061 Aluminum, 6 mm Diameter, 3 Feet Long

1

$2.81

$2.81

McMasterCarr

Steel Piano Hinge without Holes, 1-1/2" Wide, 1/4" Long x
0.148" Diameter Knuckle, 1 Foot Long

2

$5.23

$10.46

McMasterCarr

18-8 Stainless Steel Hex Drive Flat Head Screw, M3 x 0.5
mm Thread, 4 mm Long

1

$7.69

$7.69

McMasterCarr

Architectural 6063 Aluminum U-Channel, 1/16" Wall
Thickness, 1/2" High x 3/4" Wide Outside

1

$21.50

$21.50

McMasterCarr

Architectural 6063 Aluminum 90 Degree Angle, 1/16" Wall
Thickness, 1" High x 1" Wide Outside, 4 Feet Long

1

$13.50

$13.50

McMasterCarr
McMasterCarr
McMasterCarr

Architectural 6063 Aluminum 90 Degree Angle, 1/16" Wall
Thickness, 1-1/4" High x 1-1/4" Wide Outside, 4' Long

1

$16.86

$16.86

White Delrin Acetal Resin Sheet, 1/4" Thick, 12" x 12"

1

$33.24

$33.24

White Delrin Acetal Resin Sheet, 1/8" Thick, 12" x 12"

4

$20.54

$82.16

McMasterCarr

18-8 Stainless Steel Hex Drive Flat Head Screw, M3 x 0.5
mm Thread, 6 mm Long

1

$5.42

$5.42

McMasterCarr

18-8 Stainless Steel Thin Hex Nut, M3 x 0.5 mm Thread, DIN
439, ISO 4035

1

$11.61

$11.61
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McMasterCarr
McMasterCarr

Slippery Delrin Acetal AF Resin Rod, 1/4" Diameter, 1 ft

2

$2.84

$5.68

Slippery Delrin Acetal AF Resin Rod, 3/8" Diameter, 1 ft

3

$6.34

$19.02

McMasterCarr

18-8 Stainless Steel Nylon-Insert Locknut, M3 x 0.5 mm
Thread, 5.5 mm Wide, 4 mm High

1

$6.94

$6.94

McMasterCarr
McMasterCarr

Metal Gear - 20 Degree Pressure Angle, Round Bore, 24
Pitch, 36 Teeth

1

$46.08

$46.08

Cast Acrylic Sheet, 12" x 12" x 1/4", Black

2

$10.78

$21.56

McMasterCarr

Carbon Steel Set Screw Collar for 6 mm Shaft Diameter, DIN
705

6

$1.77

$10.62

123Bearing

Deep Groove Ball Bearing, 686-2Z

10

$1.50

$15.00

123Bearing

Deep Groove Ball Bearing, 676-ZZ

2

$2.80

$5.60

goBILDA

1301 Series Clamping Hub (10mm Bore)

1

$5.99

$5.99

goBILDA

Worm Gear Set (24:1 Ratio, 6mm D-Bore Worm)

1

$24.99

$24.99

Donation

RoboClaw motor controller

1

-

-

Donation

Metal gearmotor

2

-

-

Total

$654.92

Prototype 2 Cost Breakdown
Vendor

Product Name

Qty

Price/Each

Total

The Model
Studio

C-channel/L-bracket custom aluminum
machined part

1

$1,000.00

$1,000.00

Donation

Space-Rated Solar Cells

48

-

-

1

$55.80

$55.80

1

$149.99

$149.99

4

$75.00

$300.00

superbrightleds Flat Power Cable - 4 Conducter - 10 mm
KHK Stock
Gears
SUW1-R1 SUW Stainless Steel Worms
KHK Stock
Gears
BG1-30R1 BG Bronze Worm Wheels

10

$0.95

$9.50

1

$44.33

$44.33

1

$35.39

$35.39

123Bearing

10

$1.50

$15.00

Amazon

Permatex 80050-12PK Clear RTV Silicone
Adhesive Sealant, 3 oz. (Pack of 12)
CanaKit Raspberry Pi 4 Extreme Kit - 128GB
Edition (4GB RAM)

McMaster-Carr

Distortion Resistant Ultra-Strength Lightweight
Carbon Fiber Sheet, 12" x 12" x 1/16"

Amazon

Deep Groove Ball Bearing, 686-2Z
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McMaster-Carr

16 Ft (5m) 196 Inch Sliding sash Windows Doors
Tape Pile Draught excluder Brush Seal Strip
weatherstrip 7mm x 6mm (7/24 1/4 Inch, Gray)
Music Wire Steel Extension Spring with Loop
Ends
Slippery Delrin Acetal AF Resin Rod, 3/8"
Diameter, 1 ft length

McMaster-Carr

18-8 Stainless Steel Hex Drive Flat Head Screw

1

$7.12

$7.12

McMaster-Carr

Torsion Spring, 9271K599

1

$5.19

$5.19

McMaster-Carr

Torsion Spring, 9271K665

1

$5.19

$5.19

McMaster-Carr

Torsion Spring, 9271K645

1

$5.01

$5.01

McMaster-Carr

Torsion Spring, 9271K577
Multipurpose Neoprene Rubber Sheet,
Adhesive-Back, 6" x 6", 1/8" Thick, 50A
Durometer
316 Stainess Steel Button Head Hex Drive
Screws 94500A261

1

$5.01

$5.01

1

$14.62

$14.62

1

$6.67

$6.67

18-8 Stainless Steel Hex Nut
316 Stainless Steel Button Head Hex Drive
Screws 94500A221

1

$5.27

$5.27

1

$7.32

$7.32

4

$2.06

$8.24

1

$3.89

$3.89

Amazon
McMaster-Carr

McMaster-Carr
McMaster-Carr
McMaster-Carr
McMaster-Carr

1

$8.00

$8.00

1

$11.94

$11.94

4

$6.98

$27.92

McMaster-Carr

Steel Piano Hinge without Holes, 1-1/16" Wide,
1/2" Long x 0.174" Diameter Knuckle, 1 Ft Long
18-8 Stainless Steel Hex Drive Flat Head Screw
92125A125

McMaster-Carr

Button Head Hex Drive Screw 92095A114

1

$4.88

$4.88

McMaster-Carr

Button Head Hex Drive Screw 92095A460

1

$8.51

$8.51

McMaster-Carr

General Purpose 18-8 Stainless Steel Washer

1

$2.99

$2.99

McMaster-Carr

18-8 Stainless Steel Nylon-insert Locknut

1

$8.86

$8.86

McMaster-Carr

Brass Heat-set Inserts for Plastic
18-8 Stainless Steel Hex Drive Flat Head Screw
92125A128

1

$13.26

$13.26

1

$5.65
Total

McMaster-Carr

McMaster-Carr

$5.65
$1,775.55
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Final Drawings
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Appendix F
Detail Design Analysis
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Appendix G
Gantt Chart
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Appendix H
Prototype 1 Manufacturing Plan
Sub-system

Part

Source

Piano hinge

McMaster-Carr

Delrin sheet

McMaster-Carr

Acrylic sheet

McMaster-Carr

Solar panels

Aluminum U-channels McMaster-Carr
Sliding channels
Aluminum L-brackets McMaster-Carr
Delrin rack

Base rollers

Driveshaft

Aluminum L-brackets McMaster-Carr
Delrin rollers
Openbuilds
Bearings
123Bearing
Motor mounts aluminum
McMaster-Carr
Rover base supports aluminum
McMaster-Carr
Aluminum drive shaft
Worm gear
Pinion gears
Clamping hub

McMaster-Carr
goBILDA
McMaster-Carr
goBILDA

Raspberry Pi kit

Amazon

Order Date

Part Processing

Assembly

2/7/2022 Cut down to size with waterjet Screw hinges onto Delrin side
panels & sliding panel. Main
Cut down to size with laser
base panel will be screwed onto
2/7/2022 cutter
base rollers. Sliding panel will be
screwed onto sliding channels.
Cut down to size/shape for
Triangular cam will be attached
2/24/2022 triangular cams
onto rover body.
Drill holes for screws, cut
2/7/2022 down to size with chop saw
L-brackets will be attached to UDrill holes for screws, cut
channels using screws. Delrin
down to size with chop saw.
rack will be attached to bottom
Modify flanges using metal
of U-channel.
2/7/2022 shear cutter
2/25/2022
Drill holes for screws, cut
Rollers will be attached to Ldown to size with chop saw.
brackets, which will be screwed
Modify flanges using metal
to the rod support that attaches
2/7/2022 shear cutter
the main base panel to the
2/7/2022
driveshaft.
2/7/2022
Manufacture to fit to specs for
base tray mount and supports
2/25/2022 for driveshaft
Both pinion gears will be rigidly
Manufacture to fit to specs for attached to aluminum driveshaft.
2/25/2022 tilt motor mount
Worm gear will be attached to
Cut down aluminum rod to size aluminum driveshaft with
2/7/2022 with chop saw
bearing. Clamping hub will be
attached to worm gear.
2/7/2022
2/7/2022
2/7/2022
Program Roboclaw,
Pinion gear motor will be
unfolding/folding mechanism, attached to rover motor mount
2/7/2022 tilting
slot in the body. Worm gear

Electrical
Roboclaw

Pololu

2/25/2022

Motors

Pololu

2/25/2022

Start Date End Date
3/31/2022 4/21/2022

2/24/2022 3/16/2022

3/31/2022 4/15/2022

3/31/2022 4/21/2022

4/5/2022 4/21/2022

motor will be connected to the
threaded shaft of worm gear and
attached/screwed onto rover
body motor mount.
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Design Verification Plan & Report
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Appendix I
Vendor-Supplied Component Data Sheets/Specifications
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Appendix J
Original Code (full repository of code used can be found at https://github.com/jonathancederquist/TheSunnyCo)
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